The content of phenolic compounds and their relationship with the antioxidant capacity of quince fruit were evaluated before and after jam processing at industrial scale. Waste samples from industrial processing were also analyzed. Twelve phenolics and one organic acid were identified and quantified by HPLC-DAD-QTOF. According to the results, jam processing did not produce a decrease in polyphenolic content, and, in some cases, the polyphenolic content even increased. Antioxidant capacities determined by DPPH and FRAP assays showed similar results. On the other hand, the waste samples analyzed retained large amounts of polyphenols, even though their antioxidant capacity was lower than that in pulp samples. Boosted Regression Trees analysis showed a good correlation between phenolic profile and antioxidant capacity, with 5--coumaroylquinic acid being the most relevant compound to explain the antioxidant capacity by both methods.
Introduction
In recent years, it has become evident that significant health risks and benefits are associated with dietary food choices [1, 2] . Nutritional studies recommend the regular consumption of fruits and vegetables to favor a healthy quality of life [3] .
Quince (Cydonia oblonga Mill.) belongs to the Maloideae subfamily of the Rosaceae family, which includes apples and pears, all of them commercially important fruits. Because of its hardness, acidity, and astringency, it is not edible without prior processing, but it is often used to prepare jam, jelly, liqueur, and marmalade, and it is applied in canning and for aromatic distillation [4, 5] .
Several studies have shown that quince fruit is rich in polyphenols, organic acids, and amino acids with recognized beneficial effects on health [1, [6] [7] [8] . Quince polyphenols are mainly hydroxycinnamic acids (caffeoyl and coumaroyl derivatives), flavonols (quercetin and kaempferol derivatives), and, in minor proportion, flavanols (catechin and epicatechin). In fact, quince is recognized as an important dietary source of compounds that promote health due to their antioxidant, antimicrobial, and antiulcerative action [9] [10] [11] [12] . Furthermore, several studies have been published evaluating the effect of processing on the phenolic content and antioxidant capacity of quince fruit [1, [13] [14] [15] . However, most of them evaluate the processing effects at a laboratory scale, not taking into account industrial processing. On the other hand, several reports describe polyphenolic content of peel and seeds obtained from quince fruits [1, 16] .
In Argentina, unlike other countries such as Portugal, the whole fruit is crushed and heated and then the solids are separated according to different sieves. The pulp obtained is then mixed with sugars and additives to obtain quince jam. The discarded solid materials are composed of skin and seeds remnants and some mesocarp, too. It has been published that peel and seeds exhibit the highest content of polyphenols in the fruit [1, 8, 15] , so their characterization, from the antioxidant point of view, is important. Process sustainability is progressively becoming a mandatory standard, making the proposals for reusing or exploiting current industrial wastes relevant.
Nowadays, it is known that the antioxidant capacity (AC) cannot be easily predicted by the content of a specific group of compounds or by measuring a single substance [17, 18] . Besides, this capacity is the result of synergistic and antagonistic effects of the interactions of the different polyphenols between them and with other components of the food matrix or of the organism [19] . Therefore, we need to know the relative contribution of the entire phenolic profile on the AC of these exogenous natural antioxidants in order to explain their bioactive behavior. In this sense, BRT model (Boosted Regression Trees model) is a recent multivariate statistical technique that can be understood as an additive regression model used to explain and predict a response variable using several predictors. Among the advantages over traditional regression methods, we highlight the fact that the interactions among predictor variables are intrinsically detected in addition to the very complex and nonlinear association among variables identified [20] [21] [22] [23] .
The impact of food processing on polyphenols has been indicated not to be a simple cause-effect relationship [24] . Regarding the effect of thermal treatment on polyphenols, conflicting results have been reported. A positive effect has been observed for total phenolic content and antioxidant capacity in grape, orange juice and green tea, plum, black carrot jam and marmalade, and red beetroot jam [25] [26] [27] [28] , probably due to the disruption of the integrity of cell wall and membrane and because of the degradation of complexes formed with proteins [24] . Nevertheless, a negative effect has been observed in milk-based fruit beverages, pickled red beetroot, and plum and cabbage [27, 29, 30] , possibly by the chemical degradation of these compounds due to the heat treatment.
Thus, the main goal of this study was to analyze the effects of industrial quince jam processing on the content of phenolic compounds and their relationship with the antioxidant capacity. In addition, it allowed characterizing Argentinean quince jam and waste from industrial processing, considering the phenolic profile and antioxidant capacity.
Materials and Methods

Chemicals.
Methanol (HPLC grade) and formic acid (puriss. p.a. for mass spectroscopy) were obtained from J. T. Baker (Edo. de México, México) and Fluka (Steinheim, Germany), respectively. Commercial standards of (+)-catechin, caffeic acid, coumaric acid, and quinic acid were obtained from Extrasynthese (Genay, France). Kaempferol, 5-O-caffeoylquinic acid, and quercetin were purchased from Fluka (Dorset, UK). DPPH (1,1-diphenyl-2-picrylhydrazyl radical), TPTZ (2,4,6-tripyridyl-S-triazine), and Trolox (6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid) were purchased from Sigma-Aldrich (Buenos Aires, Argentina). All other reagents were of analytical grade.
2.2.
Samples. All samples were provided by Dulcor S.A. Samples were taken at three different production days. Once the fruit arrived at the industrial plant, it was sorted, washed, and coarsely ground. Ground fruit was brought to boil in a steam kettle to reach 100 ∘ C to inactivate enzymes. The mixture was sieved by different sieves (perforation of sieves was 6 mm, 1.5 mm, and 0.5 mm) to separate the pulp from skin and seeds. After sieving, three pulp samples and three waste samples (waste 1 from sieve 1.5 mm and waste 2 from sieve 0.5 mm, resp.) were taken. The pulp was concentrated in a two-effect evaporator ∘ C first effect and 70-85 ∘ C second effect) to 32 ∘ Brix. Finally, the concentrated pulp was heated in a heat exchanger (to 100 ∘ C) and packed until the production of the jam. For jam production, sugar (50 : 50 proportion) was added to the concentrated pulp; the pH was checked and adjusted if needed by addition of a few drops of 50% citric acid solution to a target pH of 3.0 to 3.2. The mixture was boiled to a final concentration of 65 to 68 ∘ Brix (approximately 104 to 105 ∘ C final boiling point). The jam was hot-packed at 90 ∘ C. Three jam samples were taken at the end of processing.
Sample Preparation.
Extraction of phenolic compounds from samples was carried out as described by Karar et al. [31] with minor changes. Briefly, samples were lyophilized and their moisture was calculated by weight difference before and after freeze-drying. The moisture percentage ( %) ranged from 54 to 56 for waste 1, from 26 to 28 for waste 2, from 80 to 84 for pulp, and from 20.5 to 24 for jam. After lyophilization, samples were frozen using liquid nitrogen and ground until obtaining a fine powder. A 1 g portion of the treated sample was extracted with 15 mL of acidified methanol (0.1% HCl v/v) in a blender (T 18 digital ULTRA-TURRAX, IKA Labortechnik, Germany). The obtained homogenate was incubated with agitation for 2 h at 4 ∘ C and then centrifuged at 3000 ×g for 10 min. The supernatant was separated and the solid pellet reextracted with 5 mL of acidified methanol as previously described. The combined extracts were filtered, fractionated in Eppendorf tubes, and stored at −80 ∘ C until analysis. The extraction procedure was carried out in triplicate for each sample. These extracts were used for phenolic profile and antioxidant capacity determination.
Determination of Phenolic Profile.
All samples were analyzed by HPLC-DAD-ESI-MS/MS, as described by Lingua et al. [18] . Compounds present in samples were identified according to their retention times, UV-vis spectra, highresolution MS, and MS/MS spectra, in comparison with pure compounds, when available, or in comparison with compounds reported in the literature [4] . MS analysis was used for quantification of compounds with specific external calibration plot, constructed by linear regression from available standards ((+)-catechin, caffeic acid, coumaric acid, quinic acid, kaempferol, 5-O-caffeoylquinic acid, and quercetin). The calibration curves were prepared by appropriate dilutions from stock solutions in methanol (concentration of 1000 mg L −1 ). When reference compounds were not available, a calibration curve from a structurally related compound was used. The limit of detection (LOD) and limit of quantification (LOQ) of the method used to quantify the phenolic compounds were experimentally evaluated considering a signal-to-noise ratios of 3 and 10, respectively. The precision of the method was evaluated by calculating the coefficients of variation (CV) from at least nine determinations covering the specified range for the procedure. LOQ ranged from 0.0013 to 0.0500 mg L −1 . CV were below 13%. After appropriate dilution, all samples under study and standard solutions were filtered (0.45 m) and injected in the HPLC-DAD-ESI-MS/ MS system. All injections were performed in duplicate.
Measurement of the Antioxidant Capacity (AC).
The AC of samples was measured with ferric reducing antioxidant power (FRAP), and free radical scavenging activity (DPPH) assays. For all assays, results were obtained by interpolating the absorbance on a calibration plot, constructed by linear regression using Trolox (linear range between 0 and 0.02 mmol Trolox L −1 ). Results are expressed in mmol Trolox equivalents per 100 g of fresh weight (fw) sample. All samples were analyzed in duplicate.
Ferric Reducing Antioxidant Power (FRAP).
FRAP assay was performed in accordance with Benzie and Strain [32] . Briefly, 100 L of the appropriately diluted sample was added to 3 mL of the FRAP reagent, measuring the absorbance at 593 nm after incubation at room temperature for 6 min in dark conditions.
Free Radical Scavenging Activity (DPPH)
. DPPH assay was performed in accordance with Villaño et al. [33] . Briefly, 100 L of the appropriately diluted sample was added to 3 mL of 60 M DPPH
• (dissolved in methanol), incubated for 15 min in dark conditions, and measured at 515 nm.
Statistical Analysis.
Data are expressed as mean ± SD and analyzed using ANOVA test (Fisher's test was performed) with < 0.05.
Boosted Regression Trees (BRT) analysis was used to examine the relative contribution of each polyphenolic compound to the antioxidant capacity (DPPH and FRAP). The relative contribution is scaled such that the sum is 100, and higher numbers correspond to a stronger influence on the in vitro antioxidant capacity. The partial dependence plots show the net effects of a polyphenolic compound on the antioxidant capacity tests, illustrating their association, while all other compounds have an average effect on the BRT model. BRT models were constructed in R (version 3.1.1) by using the gbm library [20] . Cross-validation was used in order to avoid model overfitting. CV correlation (the correlation between predicted and raw data) was used to evaluate model performance. CV correlations close to 1 indicate good model predictions [20] .
Results and Discussion
Phenolic Composition of Quince Samples.
Quince samples were analyzed by HPLC-DAD-MS/MS, and 12 phenolic compounds and one organic acid were identified according to their retention times, fragmentation patterns data (mass spectrometry), and UV-vis spectra data (Table 1) and quantified in all samples ( Table 2 ). All of the identified compounds had been previously reported in quince fruit samples, and concentrations are similar to those previously published [1, 4, 13, 31]. One organic acid (quinic acid) and four hydroxycinnamic acids were detected: two derivates of caffeoylquinic acid and two derivates of coumaroylquinic acid. These acids represented more than 70% of total phenolics in pulp and jam samples; however, they represented only 40% in waste samples. 5-O-Caffeoylquinic acid was the phenolic acid detected in highest concentration in all samples.
Flavonols were present as a mixture of different aglycone and glycosylated quercetin and kaempferol. Five flavonols were detected, representing 20% of total phenolics in pulp and jam; however, they represented 50% in waste samples. In all cases, the quercetin rutinoside was the flavonol detected in highest concentration.
Flavanols detected were essentially catechins and procyanidins. These compounds represented between 5 and 8% of total phenolics in all samples, with (−) epicatechin being the most important one in all sample types.
Waste samples were principally characterized by flavonols, and these samples had the highest concentrations of polyphenols ( Table 2) . As stated before, waste samples are mainly composed of skin and seeds. Therefore, our results are in concordance with previously published works stating that quince skin is characterized by a higher concentration of polyphenols in comparison with pulp, and its phenolic composition is characterized by the presence of flavonols and flavanols [1, 9, 16] . In their composition, pulp and jam samples had some phenolics coming from the skin, since the complete quince fruit was used in this case. However, in these types of sample, where the major component is pulp, hydroxycinnamic acids are the compounds with highest concentration as shown in Table 2 .
Food processing can produce quantitative and qualitative changes in the polyphenolic content [18, 24, 34, 35] . During the processing of quince fruit (from pulp to jam), some differences can be observed in the polyphenolic profile ( Table 2 ). As stated in Materials and Methods, pulp represented 60% of the final product, so we expected to have 60% of polyphenols coming from the pulp in the jam. However, as shown in Table 2 , some compounds presented higher contents than expected. It has been previously reported that food processing, including heat treatment, can increase the content of bioactive compounds in the final products [36, 37] . An increase in polyphenolic content could be attributed to a disruption of plant cell walls, providing better extractability, breaking chemical bonds of higher molecular weight polyphenols, and forming soluble low molecular weight polyphenols and their interconversion [1, 36, 37] . For example, the highest concentration observed for quinic acid (18% higher than expected) could be due to the hydrolysis of its derivates (3-p-coumaroylquinic acid). Quercetin-3-Orutinoside was found in a higher concentration than expected in jam, probably due to its liberation from cell structures of the peel during processing. On the other hand, the highest concentration of 5-O-caffeoylquinic acid observed in jam samples (22% higher than expected) could be due to the interconversion with 4-O-caffeoylquinic acid [1] . It is worth mentioning that polyphenols resist technological conditions (100 ∘ C) applied during jam production.
In Vitro Antioxidant Capacity (AC).
The in vitro antioxidant capacity of quince samples was determined by the DPPH and FRAP methods. Results are shown in Figure 1 . As expected, jam samples presented lower values than pulp samples in the DPPH assay. DPPH values for pulp were 2166 ± 156 M Trolox/100 g fw, and for jam they were 1325 ± 156 M trolox/100 g fw, approximately 60% of pulp capacity, which is consistent with the percentage of pulp in the final product. On the other hand, DPPH values for waste samples Taking into account the DPPH and FRAP results, we could say that quince processing did not affect AC, as it was 60% of the starting material.
Some extra analyses of antioxidant activity of sugar solutions and mixtures of sugar and quince pulp prepared at the laboratory were performed (results not shown). No effects of sugar addition were observed on AC in this study. These results are in agreement with those obtained by Pengseng et al. [38] who observed that the addition of sucrose did not affect the antioxidant properties of p-hydroxycinnamic acids and of Tom-Kha paste extract; however, sugar changed the antioxidant activity of gallic acid, suggesting that the action of sucrose depends on the matrix phenolic profile.
Many works studied the changes on polyphenolic compounds caused by quince fruit processing or analyzed AC in fruit, peel, and jam [1] , but these authors correlate the AC with the phenolic content found in jam, not comparing the AC with the starting material (pulp or pulp + peel), so they do not evaluate the effect of processing on AC. On the contrary, it has been observed that, for other fruits (black carrot, Vaccinium arctostaphylos, and cherry), jam manufacturing affects both polyphenolic content and AC [26, 39, 40] . This does not agree with our current results and previously published reports for quince jam [1, 15] .
On the other hand, waste samples had similar AC values to jam samples, although waste samples presented the highest polyphenolic content (Table 2) . In this sense, previous reports highlight the lack of correlation between total polyphenolic content and AC [1, 4] . Silva et al. [1] found that pulp and peel AC correlate with polyphenolic content, but in the case of quince seed, no correlation was observed. The authors indicate that these differences could be due to differences in the polyphenolic profile, but no further research on that was conducted. On the other hand, Fattouch et al. [9] found that the antioxidant capacity of quince pulp and peel showed stronger antioxidant effects compared to the sum of all individual pure compounds used at concentrations normally present in whole extracts. Therefore, it is important to consider the phenolic profile altogether in order to study the interactions between different antioxidant components, which are probably important in terms of the overall AC of the extracts.
Relationship between Polyphenolic Profile and In Vitro AC.
In this work, we propose the use of BRT analysis to explore the relationship between phenolic profile and AC. This statistical technique enables us to evaluate the contribution of individual polyphenols to the AC, looking for evidence on different contributions of individual polyphenolic compounds to the AC. BRT identifies main predictor compounds, modeling complex functions (antioxidant capacity), without making assumptions about the type of data. BRT is robust to missing data, variable outliers, and variable collinearity, focusing on predictive accuracy rather than values to indicate the significance of model coefficients; that is why it is better than other multivariate techniques [21] . The adjusted parameters (bag fraction, learning rate, and tree complexity), performance (CV correlation and number of trees), and relative influence of polyphenols for each model are presented in Table 3 . BRT models showed a good performance (CV correlation: 1) in DPPH as well as FRAP analyses (Table 3) . BRT model showed that nearly 90% of the variability found in DPPH analyses could be explained using 6 (relative influence in bold, Table 3 ) out of 13 quantified compounds. On the other hand, for the FRAP assay, 9 (relative influence in bold, Table 3 ) out of 13 quantified compounds are necessary to explain 90% of the variability observed. 5-p-Coumaroylquinic acid was the most significant compound for both antioxidant assays with a relative contribution of 25.7% to DPPH and 28.9% to FRAP assays. Additionally, other compounds were also important for both assays (quinic acid, 3-p-coumaroylquinic acid, 5-Ocaffeoylquinic acid, and kaempferol hexoside). On the other hand, some compounds were important predictor variables depending on each assay. Thus, kaempferol rutinoside was important for the DPPH BRT model, and procyanidin dimer, 4-O-caffeoylquinic acid, (+) catechin, and quercetin-3-Orutinoside were important compounds for the FRAP model. The antioxidant techniques analyzed in this work evaluate different mechanisms of action of the polyphenols (free radical scavenging and reducing power), so these last polyphenols appear to be the most relevant to explain the AC according to the mechanism of action, while compounds in common to both BRT models could be considered important to explain the total AC [21, 22] .
The partial dependence plots show the relationship of each polyphenolic compound at different concentrations with the DPPH or FRAP results (fitted function), while all other compounds have an average effect on the model [21] . Figure 2 provides the partial dependence plots of selected polyphenols on the DPPH (a) and FRAP (b) BRT models.
For the DPPH BRT model, it can be observed that when the concentration of 5-p-coumaroylquinic acid is higher than 1.5 mg/100 g, the concentration of kaempferol rutinoside is higher than 0.05 mg/100 g, and the concentration of kaempferol hexoside is higher than 0.28 mg/100 g; the free radical scavenging power is the highest. This is in concordance with the content of these compounds in the different samples, since these compounds presented the highest concentrations in pulp and jam samples. On the other hand, as it can be seen in Figure 2 (a), concentrations of 5-O-caffeoylquinic acid lower than 12 mg/100 g correspond to higher AC. In this sense, waste samples presented the highest concentration of these compounds. Figure 2 (b) shows the contribution of selected compounds to the FRAP BRT model. Higher reducing power is associated with concentrations of 5-p-coumaroylquinic acid higher than 1.5 mg/100 g. In contrast, a concentration higher than 0.02 mg/100 g for procyanidin dimer and higher than 4 mg/100 g for 4-O-caffeoylquinic acid shows lowest AC by the FRAP assay. This is in agreement with the concentrations found for these polyphenols in the different sample types. 5-O-Caffeoylquinic acid shows a complex relationship between its content and AC, as it is lower in a small range of concentrations (between 12 and 13 mg/100 g), which is in concordance with its concentration in waste samples.
Taking into account these results, there is a complex pattern of variation between polyphenols' concentrations and antioxidant capacity (DPPH and FRAP). Low antioxidant capacity of waste samples with highest phenolic content could be explained by the polyphenolic profile determined.
Conclusions
The novelty of this paper is based on the fact that the samples were analyzed at industrial scale and on the use of Boosted Regression Trees analysis to study the contribution of polyphenols to the antioxidant capacity.
Industrial jam processing does not diminish the antioxidant quality of quince fruit. Processing qualitatively and quantitatively alters the phenolic profile, since some hydrolysis from large molecules and isomerization is produced, even though the antioxidant capacity is maintained. Additionally, the BRT method is a useful analytical tool to study the contribution of polyphenols to the antioxidant capacity. The results shown in this work demonstrate that the antioxidant capacity of quince samples, before and after jam processing, can be explained by the polyphenolic profile, with 5-pcoumaroylquinic acid being the most relevant compound to antioxidant capacity by the DPPH and FRAP methods. On the other hand, waste samples retain large amounts of phenolics and their antioxidant capacity is similar to jam. Therefore, the recovery of this waste as a source of natural antioxidants constitutes a major challenge.
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